Mitochondrial DNA (mtDNA) mutations manifest with vast clinical heterogeneity. The molecular basis of this variability is mostly unknown because the lack of model systems has hampered mechanistic studies. We generated induced pluripotent stem cells from patients carrying the most common human disease mutation in mtDNA, m.3243A>G, underlying mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome. During reprogramming, heteroplasmic mtDNA showed bimodal segregation toward homoplasmy, with concomitant changes in mtDNA organization, mimicking mtDNA bottleneck during epiblast specification. Induced pluripotent stem cell-derived neurons and various tissues derived from teratomas manifested cell-type specific respiratory chain (RC) deficiency patterns. Similar to MELAS patient tissues, complex I defect predominated. Upon neuronal differentiation, complex I specifically was sequestered in perinuclear PTEN-induced putative kinase 1 (PINK1) and Parkin-positive autophagosomes, suggesting active degradation through mitophagy. Other RC enzymes showed normal mitochondrial network distribution. Our data show that cellular context actively modifies RC deficiency manifestation in MELAS and that autophagy is a significant component of neuronal MELAS pathogenesis. mitochondria | disease modeling
Mitochondrial DNA (mtDNA) mutations manifest with vast clinical heterogeneity. The molecular basis of this variability is mostly unknown because the lack of model systems has hampered mechanistic studies. We generated induced pluripotent stem cells from patients carrying the most common human disease mutation in mtDNA, m.3243A>G, underlying mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome. During reprogramming, heteroplasmic mtDNA showed bimodal segregation toward homoplasmy, with concomitant changes in mtDNA organization, mimicking mtDNA bottleneck during epiblast specification. Induced pluripotent stem cell-derived neurons and various tissues derived from teratomas manifested cell-type specific respiratory chain (RC) deficiency patterns. Similar to MELAS patient tissues, complex I defect predominated. Upon neuronal differentiation, complex I specifically was sequestered in perinuclear PTEN-induced putative kinase 1 (PINK1) and Parkin-positive autophagosomes, suggesting active degradation through mitophagy. Other RC enzymes showed normal mitochondrial network distribution. Our data show that cellular context actively modifies RC deficiency manifestation in MELAS and that autophagy is a significant component of neuronal MELAS pathogenesis. mitochondria | disease modeling M itochondrial DNA (mtDNA) mutations cause a mitochondrial respiratory chain (RC) disease in 1:5,000 individuals in Western populations (1) , and 1:200 of newborns carries a potentially pathogenic mtDNA mutation (2) . After the original description of the first mtDNA mutations (3, 4) , more than 200 disease-causing mtDNA point mutations have been reported to underlie mitochondrial disease (5) . The manifestations of these diseases vary from infantile multisystem disorders to adult-onset myopathies, cardiomyopathies, sensory organ failure, and neurodegeneration; indeed, mitochondrial disease can occur in any organ system, with any age of onset (5) . A typical feature of pathogenic mtDNA mutations is heteroplasmy: patient cells carry both normal and mutant mtDNA. Furthermore, the threshold amount of mutant mtDNA manifesting as RC deficiency and disease can vary between tissues and individuals, contributing to high clinical variability (5) .
The heteroplasmic m.3243A>G transition in the transferRNALeucine (UUR) gene is the most common mtDNA mutation (6), varying from adult population frequency of 1:6,000 in Finland to prevalence of 1:424 in Australia (7, 8) . This mutation most commonly results in maternally inherited diabetes and deafness (MIDD) (9) , but in other families it may manifest as cardiomyopathy, or mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) (6, (10) (11) (12) . Despite common genetic background, the m.3243A>G mutation results in variable forms of mitochondrial RC deficiency in different patients. By far the most common finding in MELAS is complex I (CI) deficiency, whereas some patients have combined deficiencies of the RC CI, CIII, and CIV (13, 14) . Evidence from autopsy tissues suggest that RC complexes are differentially affected even in different tissues of one individual with m.3243A>G mutation with the CI deficiency dominating (15) . Induction of nuclearencoded CII, succinate dehydrogenase (SDH), and mitochondrial accumulations in muscle and neurons are other typical findings in RC deficiencies (16, 17) , thought to be compensatory to the RC defect. The basis of the tissue-specific variability in RC manifestations is unknown.
Defects in different mt-tRNAs have gene-specific clinical manifestations: tRNA-Leu (UUR) associated with MELAS or MIDD, tRNA-Lys with myoclonic epilepsy, tRNA-Ser with deafness, and tRNA-Ile with cardiomyopathies (5) . Only sometimes the manifestations overlap, indicating that the pathological mechanisms have to extend beyond tRNA functions in mitochondrial translation. These mechanisms, however, are unknown. This is largely because of the unsuccessful attempts to introduce exogenous DNA to mitochondria, which has prevented generation of in vivo disease models. Heteroplasmic mice carrying two normal mtDNA variants (18) or randomly occurring mutations isolated from somatic tissues (19) (20) (21) (22) have been generated by cytoplast fusion to zygotes. Further, random mtDNA mutagenesis has been induced by manipulating nuclear-encoded mtDNA maintenance genes (23) (24) (25) (26) . However, transgenic mice, carrying human disease-associated mt-tRNA mutations, do not exist. Experimental models for mt-tRNA mutations would be needed because of their common Significance Mitochondrial DNA (mtDNA) mutations are a common cause of human inherited diseases and manifest with exceptional clinical heterogeneity and tissue specificity, the molecular basis of which are largely unknown. We produced induced pluripotent stem cells (iPSCs) from patients carrying the most common mtDNA mutation, m.3243A>G. During reprogramming, the cells underwent an mtDNA bottleneck, mimicking that in epiblast specification. We differentiated iPSCs to heteroplasmic human cells and tissues with isogenic nuclear background and show that the disease manifestation depends on cellular context. We show that upon neuronal differentiation, complex I is actively degraded by an autophagy-mediated mechanism. Our data indicate that cellular context actively modifies mtDNA segregation and manifestations, and that complex I is actively downregulated in neurons with m.3243A>G mutation. occurrence in patients, highly tissue-specific phenotypes, and unknown mechanisms beyond mitochondrial translation.
We report here reprogramming of heteroplasmic patient fibroblasts to induced pluripotent stem cells (iPSCs) and production of heteroplasmic differentiated cell-and tissue types to generate experimental models for mtDNA 3243A>G mutation underlying MELAS and MIDD and report excellent replication of findings in patient tissues with clues to pathogenic mechanisms.
Results
Generation of iPSCs with Heteroplasmic mtDNA 3243A>G MELAS Mutation. We reprogrammed three patient and two control fibroblast lines to iPSCs using retroviral vectors expressing Oct4, Klf4, Sox2, and c-Myc (27) . Patient line M1 was from a 39-y-old man with MIDD, line M2 from a 52-y-old man with MIDD and ataxia, and line M3 from a 55-y-old woman with cardiomyopathy. Control (Ctr) lines were from healthy voluntary individuals (Ctr1 from a 48-y-old woman; Ctr2 from a 22-y-old woman). The mutant mtDNA contents of the patients' skeletal muscle were 73, 50, and 90%, and of their fibroblasts 22, 21, and 35%, respectively. All cells were cultured with uridine supplementation in pyruvate-containing growth medium to enable growth of RCdeficient cells (28) . All fibroblast lines produced iPSC clones with normal embryonic stem (ES) cell-like morphology with variable efficiency, but with no evident correlation to disease status of the donor individual. The generated iPSC lines showed both high and low mutant mtDNA contents (Fig. 1A) . Fingerprinting analysis verified the parental fibroblast origin of the iPSCs (Fig. S1A) , and all MELAS lines showed expression of pluripotency markers (Fig. 1 B and C) , silencing of the viral transgenes (Fig. 1D) , and similar growth characteristics as the control cells. Karyotypes of the four analyzed patient iPSC lines were normal diploid (Fig. S1B) . These results indicate that m.3243A>G mutation did not affect reprogramming efficiency or iPSC genomic stability.
Three lines with high mutation load (>80% of total mtDNA; "MELAS-high"), three nearly homoplasmic wild-type lines ("MELAS-low"), and two control lines, one per control individual, were chosen for further analysis. The biphasic segregation of the heteroplasmic mutant mtDNA provided us an ideal isogenic setting: identical nuclear background, but variable heteroplasmy levels of mutant mtDNA, with the potential differences between the lines being attributes of mtDNA genotype.
The MELAS-high iPSC lines produced well-differentiated teratomas in immune-compromised mice (MELAS-high n = 2; MELAS-low n = 2) with tissues from all three germ layers, similar to other lines with healthy mitochondria (Fig. 1E ). All lines (MELAS-high n = 3; MELAS-low n = 3; control n = 2) differentiated also in vitro to microtubule-associated protein 2 (MAP2) and βIII-tubulin-positive neurons and glial fibrillary acidic protein (GFAP)-positive glia (Fig. 1F) . Cytosolic-free calcium imaging showed that similar proportions of the differentiated neuronal cells responded either to glutamate and AMPA via glutamate receptors or to ATP via purinoreceptors, proving the functionality of neurons and astrocytes, respectively ( Fig. S1 C and D) . The heteroplasmy levels of the patient lines remained stable upon serial iPSC passaging (20 passages) and upon differentiation to teratomas and neurons (Fig. 1G) . These results show that even a high load of mutant mtDNA with m.3243A>G did not affect differentiation.
MELAS-Mutant mtDNA Has Cell-Type-Specific Consequences to Mitochondrial Transcription. tRNA-Leu (UUR) participates in translation of all of the 13 mtDNA-encoded transcripts that encode subunits of CI, CIII, CIV, and CV. We studied the consequences of m.3243A>G MELAS mutation to mitochondrial DNA, transcripts and RC proteins before and after reprogramming, and in iPSC-derived differentiated neuronal cells and teratomas. Fibroblasts showed no major changes in mitochondrial transcripts ( Fig.  2A) . In MELAS-high iPSCs, however, steady-state mitochondrial transcript amounts were severely decreased, whereas mtDNA copy number was significantly up-regulated. The mtDNA:mtRNA ratio was 7:20 for different transcripts, whereas in control and MELAS-low iPSC lines and in fibroblasts, transcript levels closely reflected their mtDNA content (mtDNA:mtRNA ratio 0.6:1.0) (Fig. 2B) . In neurons, promoter-proximal heavy-strand transcripts (ND2, COX1) showed a decreasing trend (mtDNA:mtRNA ratio 2:3), but otherwise the transcript levels were preserved (mtDNA: mtRNA ratio 0.9:1.4) (Fig. 2C ). Twofold increase in mtDNA amount and drastic decrease of mtRNAs in MELAS-high iPSCs indicates that mtDNA copy number and mitochondrial transcription are independently regulated in these cells.
The m.3243A>G mutation has been associated with accumulation of RNA19, a mitochondrial processing intermediate containing RNAs for 16S rRNA, tRNA-Leu (UUR) , and ND1 (29). Thus, we measured the level of RNA19 in our MELAS iPSCs and neurons. In accordance with the low level of all mitochondrial transcripts analyzed, RNA19 level was low in MELAS-high iPSCs, ∼40% of that in the MELAS-low iPSCs (Fig. 2D) . However, the percentage of unprocessed RNA19 from total 16S rRNA (mature 16S rRNA plus RNA19) was around 50% in all iPSCs independent of the mutation level. However, in the MELAS-high neurons, an almost twofold increase in the total 16S rRNA transcript level was detected when compared with MELAS-low neurons; this was due to the ∼fourfold increase in RNA19 (Fig. 2D ). These data show that processing of mitochondrial transcripts is dependent on the cellular context. RC Deficiency Is Cell Context-Specific, with Active CI Degradation upon Neuronal Differentiation. The RC proteins in the parental fibroblast lines with intermediate heteroplasmy levels showed a typical pattern for mt-tRNA mutations: a combined deficiency of mtDNA-encoded CI, CIII, and CIV, with CIV deficiency predominating ( Fig. 2E and Fig. S2 ). The MELAS-high iPSCs, however, with considerably higher mutant mtDNA load than in the fibroblasts, showed normal CI, CIII, and CIV amounts, but an increase in CII ( Fig. 2F and Fig. S2 ). The cell-type specificity of the m.3243A>G effect was further emphasized in iPSCderived neuronal cells, which manifested a remarkable CI deficiency ( Fig. 2G and Fig. S2 ), typical for MELAS patient tissues. Because neuronal differentiation is partial and the Western analysis result represents a mixed pool of differentiated and undifferentiated cells, we analyzed the presence of the complexes upon neuronal differentiation by immunofluorescence analysis. , and ND1, in MELAS iPSCs and neurons. RNA19 is upregulated in MELAS-high neurons, but not in iPSCs, when comparing with isogenic cells with low mutant amount. (E) Quantification of Western blot analysis of the parental fibroblasts, (F) the iPSC lines, (G) and iPSC-derived neurons. In fibroblasts, all mitochondrially encoded RC complexes are affected, whereas the iPSC-derived neurons show an isolated CI deficiency. TOM20, a mitochondrial outer membrane transporter protein, not directly involved with mitochondrial respiration, was used as a mitochondrial mass marker. All expression levels are relative to control sample and results are presented as mean ± SEM. (See Fig. S2 for representative Western blots.) CYTB, cytochrome B; M, MELAS; ND2, NADH dehydrogenase subunit 2; ND5, NADH dehydrogenase subunit 5; ND6, NADH dehydrogenase subunit 6, CI-CIV.
Remarkably, only a few perinuclear CI-positive clusters were present in the differentiated neurons, whereas other RC enzymes showed normal distribution within the mitochondrial network ( Fig. 3A and Fig. S3 ). The mitochondrial network was intact also in the cells with CI clusters (Fig. 3B) . The CI deficiency exacerbated during differentiation, with no CI positivity seen in neuronal cells after 2 wk of differentiation, whereas CIII, CIV, and CV persisted even after 4 wk of culture on laminin. In MELAS-low neuronal cells, CI showed normal mitochondrial network distribution (Fig. 3A) . These results show that the typical biochemical phenotype of m.3243A>G mutation, CI deficiency in the patient brains, can be recapitulated in iPSC-derived MELAS patient neuronal cells. Furthermore, the manifestation of RC deficiency of MELAS-high cells, with isogenic nuclear background and similar mtDNA heteroplasmy level, is dependent on cell-type context. The data also indicate that CI is sequestered to a subset of perinuclear mitochondria upon early neuronal differentiation, whereas other RC enzymes show normal mitochondrial network localization.
Perinuclear CI Clusters Are Cleared by Mitophagy. The large CIpositive perinuclear foci in the MELAS-high neurons, followed by clearance of CI during further differentiation and maturation, prompted us to ask whether autophagy was involved in the cluster formation. LC3-B, a component of autophagosomal membrane, showed complete colocalization with the CI-positive foci in earlydifferentiated neuronal MELAS-high cells (Fig. 4A) . Parkin, a ubiquitin-E3-ligase mediating autophagosome recruitment to damaged mitochondria (29) , and PTEN-induced putative kinase 1 (PINK1), a mitochondrial Ser/Thr kinase that recruits Parkin to damaged mitochondria (30) , were both present in these clusters (Fig. 4A) . However, their overall cellular levels were not induced according to Western analysis of the mixed neuronal cell pools (Fig. S4A) . In control cells with a low amount of mutant mtDNA, CI was localized everywhere within the mitochondrial network and Parkin only occasionally colocalized with the CI signal (Fig. S4B) . These results strongly suggest that PINK1/ Parkin-mediated mitophagy is involved in active clearance of CI in neuronal cells without a major effect on other complexes in early-differentiated neuronal MELAS-high cells. However, upon extended culture, when CI already was undetectable by immunofluorescence, large LC3-B-positive autophagosomes that contained other RC complexes existed in MELAS-high neuronal cells (Fig. 4B) . Complexes II-V, however, retained their overall mitochondrial network localization even in late culture and did not show CI-like clusters. These results suggest that active degradation of CI may be a physiological response to mitochondrial dysfunction, specific for neuronal cells. Further, they indicate that increased or stalled autophagy is involved in MELAS neuronal pathogenesis.
Teratomas Harbor Tissue Types Manifesting RC Deficiency. Similar to neuronal cells in vitro, many of the identifiable differentiated tissues within teratomas, including βIII-tubulin-positive neuronal cells, showed significant, ubiquitous reduction of CI ( Fig. 5 and Fig. S5 ). Although the overall staining for CIV was weaker in the MELAS-high teratomas, most well-defined tissues showed intense granular immunoreactivity for CIV, indicating local upregulation of CIV in the absence of CI (Fig. 5 and Fig. S5 ). In histochemical activity assays of frozen sections, MELAS-high teratomas showed remarkable SDH-positive, COX (CIV)-negative regions in their epithelial/ependymal-type linings with mitochondrial accumulations (Fig. 6 ). These findings indicate that MELAS-iPSCs are an excellent source of heteroplasmic human tissues that manifest similar tissue type-specific forms of RC deficiency as patient cells and tissues with m.3243A>G.
iPSCs Show Mitochondrial Genetic Bottleneck, with Rapid Segregation of mtDNA Toward Mutant or Wild-Type Homoplasmy. The MELASmutant mtDNAs showed bimodal segregation in iPSCs toward wild-type or mutant homoplasmy, which indicated no clear selection for or against mutant m.3243A>G mtDNA upon reprogramming (Fig. 1A) . The drastic genotype shift suggested presence of a mitochondrial genetic bottleneck upon iPSC reprogramming. The phenomenon could be a result of downregulation of mtDNA copy number or replication of only a subset of mtDNAs during stem cell reprogramming. To test whether this shift had occurred already during fibroblast culture, we cloned two of the parental fibroblast lines and analyzed mutation loads in the clones. A high proportion of individual parental fibroblast clones showed intermediate heteroplasmy levels (Fig.  1A) , indicating that bimodal segregation upon reprogramming did not reflect the clonal parental fibroblast heteroplasmy level (M1, P = 0.0011; M2, P = 0.0031). In control iPSCs, as seen also previously (31), mtDNA amount decreased more than twofold from parental fibroblasts (Fig. 7A ), which together with bimodal heteroplasmy shift in MELAS-high iPSCs, supported the existence of early-reprogramming mtDNA bottleneck. However, mtDNA dynamics were modified in the early passage MELAS-high iPSCs: they showed more than a twofold increase of mtDNA amount compared with the parental fibroblasts and a twofold increase in number of visible nucleoids compared with MELASlow or control iPSCs (Fig. 7 A and B and Fig. S6 ). Differences in mtDNA dynamics were seen also upon differentiation. In control and MELAS-low neuronal lines, mtDNA amount increased along differentiation, but in MELAS-high neurons the mtDNA amount stayed low (Fig. 7A) . However, the heteroplasmy levels remained stable upon differentiation (Fig. 1G) . These results show that the rapid shifts of heteroplasmy were specific for the reprogramming stage.
iPSC Mitochondria Cluster Around a BB. Intrigued by the reprogramming-associated mitochondrial genetic bottleneck, we investigated whether iPSCs showed other characteristics previously seen only in germ cells. During oocyte development, mitochondria organize around a Golgi structure called a Balbiani body (BB) (32) . BB has been suggested to mediate the transfer of functional organelles to the germ plasm and co-occur with mtDNA bottleneck in flies (33) and was observed also in primordial germ cells of mice (34) . We found that in all of our iPSCs, both in MELAS and wild-type lines, about 80% of cells showed symmetric organization of mitochondria around a BB-like tight Golgi structure (Fig. 8 A and B) . In mitotic cells, however, BB disassembled into numerous vesicles, as reported previously for Golgi in cultured cells (35) . The disassembly was accompanied by mitochondrial fragmentation and the organelles dispersed around the cytoplasm (Fig. 8 C and D) . We did not identify BB-like mitochondria-Golgi coorganization in fibroblasts or neurons (Fig. 8 E and F) . These results indicate that mitochondrial organization in reprogrammed iPSCs mimics closely that of germ cells.
Discussion
We report here that iPSCs generated from patients carrying the mitochondrial m.3243A>G mutation are an efficient source of heteroplasmic human cells and tissues, which faithfully replicate tissuespecific manifestations of RC deficiency in patients and reveal clues to tissue-specific pathomechanisms. We show that a high mutant load of m.3243A>G considerably modifies mtDNA and mtRNA metabolism, as well as RC complex manifestations, and that these effects depend on cell-type context. The iPSC-derived cells and tissues have an identical isogenic nuclear background and similar mtDNA heteroplasmy levels, implying that tissue-specific factors modify the outcome of m.3243A>G manifestations. Intriguingly, we show evidence that in neuronal cells, the mitochondrial RC CI is actively sequestered in PINK1-Parkin-positive autophagosomes and degraded, whereas other RC enzymes remain intact and spread throughout the mitochondrial network. These data suggest that CI deficiency in brain could be an active, potentially unspecific response to a mitochondrial insult, and provide an explanation of why CI defects are commonly reported upon mitochondrial-associated neurodegeneration. Our results also imply an important role for mitophagy in MELAS pathogenesis.
Our iPSC-derived cells and tissues manifested a variable RC deficiency phenotype, depending on a cell type. The parental fibroblasts showed a combined RC deficiency, which normalized upon iPSC generation, and upon differentiation to neuronal cells developed to a specific CI deficiency. Many identifiable tissues in the teratomas recapitulated the CI deficiency and showed a slight decrease in CIV enzymatic activity. The COX-deficient areas exhibited a remarkable up-regulation of SDH activity as well as mitochondrial accumulations, similar to patient tissues (16, 17) . These morphological findings replicate the specific hallmarks of mitochondrial RC deficiencies in patient tissues and formally prove that m.3243A>G mutation is the direct cause of RC deficiency in tissues of MELAS patients. Furthermore, the changing pattern of RC defect in different cell types with the same mutant mtDNA, similar heteroplasmy level, and identical nuclear background indicates that RC complex activities depend on tissue-specific factors that determine the disease manifestation.
We show here that early upon neuronal differentiation from iPSC-derived neurospheres, CI accumulated in large perinuclear clusters in cells that still retained a TOM20-positive mitochondrial network. The amount of immunoreactive CI in subsequent culturing progressed to be undetectable by immunofluorescence, whereas CII-CV showed normal expression and localization throughout the mitochondrial network. The localization of the CI clusters within LC3B-positive autophagosomes and colocalization of Parkin and PINK1 in these clusters suggest active degradation of CI. The degradation appears to be mediated by enriching CI to a subset of mitochondria that are cleared by PINK1/Parkin-mediated mitophagy. In prolonged culture, when CI was already absent by immunofluorescence, we could observe increased amount of autophagosomes that contained other respiratory complexes. However, these complexes were still present in the overall mitochondrial network, indicating an overall increase in mitochondrial recycling or stalled autophagy. This evidence suggests that early-differentiating neurons are actively degrading CI as an active response to a mitochondrial insult and that autophagy is involved in MELAS pathogenesis. CI deficiency has been described in a vast number of different neurodegenerative disorders, including mitochondrial disorders and Parkinson disease. We have previously shown in autopsy studies that in disorders that associate with mtDNA instability, the patient neurons show specific CI deficiency (30, 36) independent of whether the patient actually has symptoms from the CNS. In Parkinson disease, CI deficiency was observed more than 2 decades ago (e.g., in the neurons of substantia nigra), but the potential causative role of CI deficiency to this common form of neurodegeneration still has remained open (37, 38) . Our current finding of degradation of CI by autophagy, as an active initial consequence of mitochondrial dysfunction, provides a potential explanation for these phenomena. CI is a generator of reactive oxygen species (ROS) upon decreased electron flow through RC; it is also a target of ROS because of its seven iron-sulfur clusters (39) . If neurons actively down-regulate CI as a response to mitochondrial dysfunction, they would eliminate a potential ROS producer, but this would require up-regulation of the second electron entry site to RC, namely CII. Indeed, our iPSC-derived tissues with RC deficiency show increased CII in specific cell types. These findings suggest active recycling of CI as an acute protective response to mitochondrial dysfunction, which, upon mitochondrial disease, could develop into a chronic response. However, the detailed mechanisms remain to be clarified.
We found that a rapid bimodal shift toward wild-type or mutant homoplasmy occurred upon reprogramming in MELAS iPSCs, replicating findings of recent reports (40, 41) . Rapid shifts in mitochondrial heteroplasmy have been observed to occur in germ line (i.e., stem cells) in cows (42, 43) , in human patients (44, 45) , in mice with heteroplasmic neutral or potentially pathogenic mtDNA variants (18, 25, 34) , and in primates (46) . This phenomenon could be explained by the existence of mitochondrial genetic bottleneck (42, 43) , involving decreased mtDNA copy number, selective amplification of a subset of mtDNA molecules, or preferential amplification of an mtDNA type. However, the exact stage in embryogenesis when this bottleneck occurs has been under debate (25, 34, 47, 48) . The biphasic shift in our iPSCs mimics closely the results seen in primate heteroplasmic ES cells, which had shifted toward homoplasmy at early passage (46) . This ES cell shift was suggested to be the result of strong mtDNA bottleneck occurring upon epiblast specification in the few cells directed to somatic lineages. After ES cell stage, mtDNA heteroplasmy levels did not vary considerably between different ES cell clones or in different solid tissues in primates, whereas in oocytes mtDNA segregation appeared to be random in mice and monkeys (25, 46) . As previously suggested that reprogramming takes iPSC mitochondria back to an epiblast-like stage (31, 49), our results further suggest that also the mtDNA bottleneck is reproduced in vitro during reprogramming. We further observed that mtDNA in iPSCs was organized around Golgi in BBs (34) . This mtDNA structure has been previously characterized in primordial germ cells, but could be a general stem cell-specific trait, assuring equal distribution of functional mitochondria during cell division. Our data, together with previous literature, suggest that mtDNA bottleneck could exist in early embryogenesis as well as in iPSCs, making the latter a potential tool to model the mechanisms of germ-line mtDNA segregation and mutant mtDNA selection in vitro.
The presence of an m.3243A>G mutation affected mtDNA dynamics both during reprogramming and upon differentiation. The mtDNA amount in MELAS-high iPSCs was more than twofold increased in early-passage iPSCs, whereas control iPSCs showed a clear reduction of mtDNA amount. Upon differentiation to neurons, mtDNA amounts increased in control cells, but not in neurons with high m.3243A>G mutant mtDNA load. The leukocytes of patients with m.3243A>G show progressive depletion of mtDNA copy number (50, 51), but we are not aware of previous studies in postmitotic tissues. These data indicate that relatively mild mtDNA mutations that survive functional selection at mtDNA bottleneck may have major effects on mtDNA copy number regulation and dynamics.
Despite their high mtDNA copy number, the MELAS-high iPSCs showed significantly decreased mitochondrial transcript levels, suggesting active down-regulation of mitochondrial transcription and/or mRNA half-lives upon high mtDNA mutation load. Because RC deficiency in the iPSCs was not significant, active translation could compensate for the relative lack of mRNAs. This implicates differential regulation of mtDNA copy number and mitochondrial transcription. The fusion transcript RNA19, previously associated with MELAS pathogenesis (29) , accumulated specifically in neurons with high m.3243A>G mutant amount, further indicating tissue-context-dependent processing of mtRNAs.
In conclusion, MELAS-iPSCs can generate tissues manifesting variable combined or isolated RC deficiencies, similar to the patient tissues, with potential active down-regulation of neuronal CI. Dynamic changes in RC deficiency in different tissue types have not been modeled in experimental systems before. Together with a recent report of mitochondrial dysfunction in iPSCderived hematopoietic cells from a patient with large mtDNA deletion and Pearson syndrome (52), our findings suggest that heteroplasmic cells and tissues generated through reprogramming are an excellent tool to study mechanisms of tissue-specific manifestations and pathogenesis of highly heterogeneous mtDNA disorders. Furthermore, we show that segregation of mutant and wild-type mtDNA upon reprogramming resembles mtDNA bottleneck upon epiblast specification. Finally, the lack of stem cell selection against the m.3243A>G mutant mtDNA could relate to the epidemiological observation that m.3243A>G is the most common mtDNA mutation globally, arising in different ethnic populations (7) . iPSC-derived materials provide a unique opportunity to examine direct consequences of mtDNA mutations in the most relevant type of study materials for understanding disease pathogenesis: the patients themselves.
Materials and Methods
iPSC Derivation and Culture. Skin biopsies were obtained from patients and healthy volunteers after informed consent (Helsinki and Uusimaa Hospital District grants all permits of patient work, also for work performed at Helsinki University) and fibroblasts were derived using standard protocol. The media for the patient cells were supplemented with 0.05 mg/mL uridine at all stages of the in vitro culture.
iPSCs were generated with retroviral transduction as described earlier (53) . Briefly, the pMXs-cDNA vectors (pMXs_Oct4, pMXs_Sox2, pMXs_Klf4, pMXs_cMyc) were transfected to 293-GPG packaging cells and viral supernatants were collected at days 5, 6, and 7. Dermal fibroblasts were infected with retroviral supernatants on 2 consecutive days; 4 days after infection, the cells were replated on mitomycin-treated mouse embryonic fibroblasts. The next day, the medium was replaced with hES medium [KnockOut DMEM (Invitrogen), supplemented with 20% (vol/vol) KO-serum replacement, 2 mM GlutaMAX, 0.1 mM β-mercaptoethanol, nonessential amino acids, and 6 μg/mL FGF2]. Colonies with ES-like morphology were picked 24-30 d after transduction. Cells were maintained on mouse embryonic fibroblasts, passaging either mechanically by cutting or enzymatically using 1 mg/mL collagenase IV.
Analysis of Microsatellite Markers, Transgene Silencing, and Expression of Pluripotency Markers and Mitochondrial Transcripts. DNA was purified from cultured cells by phenol-chloroform extraction. Total RNAs were purified using TRIzol reagent (Invitrogen). Reverse transcription was performed using MMLV-RTase and random hexamers (Promega) according to the manufacturer's instructions. Quantitative RT-PCR was performed using the CFX96 platform (BioRad) and Dynamo Flash SYBRgreen qPCR kit (Thermo Scientific). All quantitative PCR assays were performed twice and in triplicate. Relative gene expression levels were normalized against cyclophilin (viral transgenes) or β-actin (mitochondrial transcripts). The intermediate RNA19 fusion transcript was quantified using primers spanning tRNA-Leu (UUR) from 16S rRNA to ND1 and normalizing against β-actin and 16S rRNA (detecting RNA19 plus mature 16S rRNA).
Determination of MELAs Mutation Load and mtDNA Amount. The m.3243A>G mutation load was determined by minisequencing as previously described (54) .
To clone the fibroblasts, the cells were plated on 150-mm dishes on clonal dilutions, left to grow for 12 d, after which the clones were picked and the DNA was extracted and mutation load analyzed. mtDNA quantification was done by Taqman chemistry (Applied Biosystems) as previously published (55), quantifying mitochondrial CytB gene against nuclear APP gene. All samples were analyzed in triplicate.
Neuronal Differentiation. Neuronal differentiation was initiated by neurosphere formation as published (56) on DMEM/F12-Neurobasal (1:1) media supplemented with 1×N2, 1× B27 Minus vitamin A (Invitrogen), 1 mM Napyruvate, 0.05 mg/mL uridine, and 20 ng/mL FGF2. After 6 wk of culture as neurospheres, the cells were plated on laminin (10 ng/mL)-coated dishes and left to differentiate for 10-14 d in the same media except without FGF2. To allow the neural cells to mature, the cells were cultured in the final differentiation media on laminin for up to 8 wk.
Cytosolic-Free Calcium Imaging. For functional experiments, the cells were plated on laminin-coated glass-bottomed dishes (MatTek) and loaded with 5 μM calcium indicator Fura-2 acetoxymethyl ester, supplied with 0.02% Pluronic F-127 (Sigma-Aldrich) for 50 min at room temperature in Hepesbuffered solution (127 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 1.3 mM MgCl 2 , 20 mM Hepes, 10 mM glucose, pH 7.4). After washing out Fura-2-AM, the cells were incubated for 30 min to allow de-esterification of the dye.
Cytosolic-free calcium concentrations were measured following stimulation of cells with a variety of agonists (100 μM glutamate, 10 μM AMPA, 100 μM ATP); 50 mM KCl was used to induce depolarization of plasma membrane and open voltage-gated Ca 2+ channels. Fluorescence images were obtained using an inverted Olympus IX71 microscope with a 20× objective and CCD camera (Orca). For recording stability, all optical elements were maintained at 34°C and solutions were applied by bath perfusion (1-1.5 mL per min flow rate) using a peristaltic pump. Rate of bath solution exchange was estimated by imaging the dynamics of a perfusionapplied fluorescent dye; the full exchange time was measured as 20-25 s. Images were acquired every 2 s. Fura-2 was excited sequentially at 340 and 380 nm and its emission was collected using a 410-nm dichroic mirror and a 505-nm barrier filter. Calcium concentration was calculated from the ratio between Fura-2 signals excited at 340 and 380 nm.
Teratoma Formation. For teratoma formation, about 2 × 10 5 iPSCs were injected intratesticularly into NMRI nude mice (Scanbur). After 7 wk, tumors were collected and half of the tumor was fixed overnight in 4% paraformaldehyde, embedded in paraffin, and stained with hematoxylin and eosin. The other half of the tumor was frozen down in TissueTek OCT (Sakura) for cryosectioning. The experimental animal welfare committee of the District Government of Southern Finland approved the animal experimentation.
Immunofluorescence, Immunohistochemistry, and Western Blotting. To visualize the nucleoids, live cells were incubated with PicoGreen (Molecular Probes, 1:500 in normal culture media) for 30 min at 37°C. For immunocytochemistry, cells were fixed in 4% paraformaldehyde and permeabilized with 1% Triton-x100. Immunohistochemistry of teratomas was done from paraffin sections. To reveal antigenic sites, the rehydrated sections were treated in a microwave in 1 mM EDTA, pH 8, for 3 min. Primary antibodies were against Tra1-60 (1:40, ab90232, Millipore), SSEA4 (1:1,000, ab90231, Millipore), Nanog Western blot analysis was done from protein lysates from cells with precast TGX gradient gels (BioRad) according to the manufacturer's protocol. COX-SDH histochemical activity analyses from cryosections were done as previously published (24) .
Imaging and Image Analysis. To count nucleoids, images were analyzed with ImageJ 1.44o software (National Institutes of Health). Images were transformed to binary and the smallest and largest visible nucleoids were identified as 0.3 and 4 μm 2 , respectively, and the particles were analyzed between these limits. For electron microscopy, fixation, plastic embedding, and sectioning were performed as described previously (24) . Imaging was done with JEOL 1400 Transmission Electron Microscope.
Statistical Analysis. All statistical analysis was done from two or more independent technical replicates with unpaired t test (GraphPad Prism software). *P < 0.05, **P < 0.005, ***P < 0.005. All results are presented as mean ± SEM. Kolmogorov-Smirnov test was used to analyze the difference in heteroplasmy pools between fibroblasts and iPSCs (GraphPad Prism software).
